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Abstract — The combined effect of coherent Rake combining 
using the weighted multistat averaging (WMSA) channel estima- 
tion filter and closed-loop fast transmit power control (TPC) in 
the 4.096 Mchip/s direct sequence code division multiple access 
(DS-CDMA) mobile radio reverse link is experimentally evalu- 
ated. The WMSA channel estimation filter utilizes periodically 
transmitted pilot symbols (four pilot symbols are time-multi- 
plexed in each 40-symbol time slot). Its observation period is 
extended to 2~K slots in order to improve the accuracy of the 
channel estimation. The fast TPC is based on the measurement 
of signal-to-interference plus background noise ratio (SIR) using 
pilot symbols. Laboratory experiments show that the use of the 
K = 2 WMSA channel estimation filter reduces the required 
E b /Jo at the average BER of 10~ 3 by approximately 0.5 dB 
compared to use of the linear interpolation filter, and that the 
required -E^/Jo « minimized when the SIR measurement interval 
is M = 10 symbols (one slot TPC delay). It was also clarified 
that SIR-based TPC works satisfactorily when two users with 
different information data rates, i.e., SF, independently employ 
fast TPC. Field experimental results conducted in an area nearby 
Tokyo showed that the average BER of 10~ 3 is achieved at the 
target E b /I Q per antenna of approximately 2.5 dB by using 
four-finger/branch Rake and two-branch antenna diversity. 
Although the target -E^/Jo to achieve same BER, when there is 
one interfering user with a fourfold greater transmit power than 
that of the desired user that independently employs fast TPC, is 
almost the same as that in the single-user case, the mobile transmit 
power is increased by 1.0-2.0 dB due to the increased MAI. These 
results indicate that the combination of coherent Rake combining 
and fast TPC works well in practical multipath fading channels. 

Index Terms — Adaptive transmit power control, coherent rake 
combining, DS-CDMA, mobile communications. 



I. Introduction 

THE DIRECT sequence code division multiple access 
(DS-CDMA) technique has a number of advantages 
over TDM A and FDMA techniques, such as allowing single 
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frequency reuse, enhancing radio transmission through Rake 
combining, and directly increasing capacity by using of sec- 
tored antennas [1], [2], Based on these advantages, DS-CDMA 
has been widely accepted as the most promising wireless 
access technique. Recently, aiming at the IMT-2000 system 
[3], wideband DS-CDMA (W-CDMA) employing much wider 
spreading band widths than 1 MHz has been proposed [4], 
[5] in order to increase significantly the flexibility in offering 
multimedia services with different data rates. Recent develop- 
ments in W-CDMA are introduced in [6]. The mobile radio 
channel is characterized as a multipath channel comprising 
many independently faded paths, each having different time 
delays. In the receiver, a matched filter receiver despreads and 
resolves the received multipath signal into multiple replicas of 
the narrow-band data modulated signal propagated over dif- 
ferent paths having different delay times. These resolved signal 
components must be time-adjusted and coherently combined 
(Rake combining) to reduce the influence of multipath fading. 
Coherent Rake combining was adopted in both reverse and 
forward links in W-CDMA system. The bit-error rate (BER) 
performance obtainable by the use of coherent Rake combining 
is sensitive to the accuracy of channel estimation. It is important 
to develop an improved channel estimation method that works 
satisfactorily under slow-to-fast fading environments (for the 
2-GHz carrier frequency band, the fading maximum Doppler 
frequency, f D , is as high as f D = 185 Hz when the traveling 
speed of the mobile station is 100 km/h). Thus far, several 
channel estimation filters have been proposed for DS-CDMA 
systems that periodically transmit known pilot symbols [7]-[9] 
(in this paper, a fine interval between the block of pilot symbols 
and the next block is called a time slot). Since severe multiple 
access interference (MAI) is produced in the asynchronous 
reverse link channel, closed-loop fast transmit power control 
(TPC) is indispensable [2]. Since DS-CDMA is, in general, 
an interference limited system, signal-to-average interference 
plus background noise ratio (SIR)-based fast TPC is the most 
appropriate [10], [1 1]. In a previous paper [12], the combined 
effect of coherent Rake combining and SIR-based fast TPC 
was experimentally evaluated; however, the channel estimation 
filter was a simple linear interpolation filter used pilot symbols 
belong to the same and the next slots. The accuracy of channel 
estimation improves if the channel estimation observation 
interval is extended to more than one slot and a larger number 
of pilot symbols is involved. However, in turn, the tracking 



0733-8716/00S10.O0 © 2000 IEEE 



HIGUCHI et a/.: EXPERIMENTAL EVALUATION OF COMBINED EFFECT OF COHERENT RAKE COMBINING 



1527 



Pilot symbols 



Data to be 
transmitted 1 



Transmitter 



Transmit/receive 
antenna 



Convolutional 


-> 


Bit-inter- 




MUX 




Data mapping 




Spreader 


encoder 




leaver 


-3 


-> 


(QPSK) 


-> 



Recovered 



TPC command 
generator 



Soft-decision 




De-inter- 


Viterbi decoder 




leaver 




t 



3 



Despreader 
bank 



Coherent Rake combiner 



Path 



Receiver 



Receive 



Fig. 1. Block diagram of base station W-CDMA transceiver. 



ability of the channel estimation filter against fading tends to 
be lost Thus, there exists a tradeoff between accuracy and the 
tracking ability. We proposed a pragmatic solution, i.e., the 
2-K tap WMSA channel estimation filter [9], in which the ob- 
servation interval is extended to 2-K slots. By setting the filter 
tap weights to the appropriate values, good BER performance 
can be achieved over a wide range of fading maximum Doppler 
frequencies. We also showed that the required signal energy 
per bit-to-interference power spectrum density (Eb/Io) of the 
WMSA channel estimation filter at the average BER of 10~ 3 
can be decreased by approximately 1.0 dB compared to the 
usage of linear interpolation filter. This results in an increase in 
capacity of approximately 1 .3 times. Furthermore, we improved 
the SIR measurement method from that used in[12]. 

In this paper, we apply the WMSA channel estimation filter 
and evaluate, by both laboratory and field experiments, the com- 
bined effect of coherent Rake combining employing the WMSA 
channel estimation filter and SIR-based fast TPC using an im- 
plemented 4.096 Mchips/s W-CDMA transmission system. In 
the paper, we clarify the tradeoff relationship between the Rake 
time diversity effect and channel estimation accuracy in a co- 
herent Rake receiver, and the influence of the accuracy of the 
SIR measurement and TPC delay on the BER performance in 
fast TPC. We also evaluate the BER performance in two-user 
environments (one interfering user) where two users using dif- 
ferent data rate channels with different spreading factors (SF's) 
independently employ fast TPC. In this paper, Section II de- 
scribes the experimental system and operational principles of 
the WMSA channel estimation filter and SIR-based fast TPC. 
The experimental results are discussed in Section III. 

II. Experimental Configuration 

A. Transmitter and Receiver Structure 

The structure of the base station transceiver is shown in Fig. 1 . 
Major radio link parameters and the frame structure of the ex- 
perimental system are shown in Table I and Fig. 2, respectively, 
which are based on [17]. Two data rate channels were used in the 



TABLE I 
Radio Link Parameters 



Carrier frequency (reverse/forward) 


1990 J / 2175 MHz 


Chip 


rate (bandwidth) 


4.096 Mcps(5MHz) 


Symbol rate 


64 ksps 


Information bit rate 


32 kbps 


Spreading factor 


64 chips/symbol 


Spreading code 


Scrambling code 
(reverse/forward) 


Truncated-Gold sequence 
(640X2^/40960 chips) 




Short code 


Orthogonal-Gold sequence (64 chips/symbol) 


Modulation 


Data 


QPSK 


Spreading 


QPSK 


Channel model (laboratory tests) 


L-path Rayleigh fading (equal average power) 


Channel estimation 


Pilot symbol-assisted WMSA channel 
estimation filter 


Channel coding/decoding 


Convolutional coding (R-l/3, k-7) / 
Soft-decision Viterbi decoding 


Fast TPC 


SIR based closed-loop 



experiments: 32 and 64 kb/s. The 32-kb/s (64-kb/s) data to be 
transmitted on the forward link (base-to-mobile) data channel 
were segmented into blocks of 346 (1338)-bit data (including 
dummy data). Each block of data plus 6 tail bits was channel- 
coded using convolutional coding with the rate of R = 1/3 and 
the constraint length of K — 7 bits (its generator polynomials 
are 554, 624, and 764 in octal notation). The coded data of 1056 
(4032) bits were block interleaved using a 66 x 16-bit (252 x 
16-bit) interleaves After interleaving, the coded bit stream was 
transformed into a quaternary phase shift keyed (QPSK) symbol 
sequence. There were N p = 4 (16) pilot symbols (modula- 
tion phase was 7r/4 radians) appended to every set of N 9 = 36 
(144) data symbols (including one TPC command symbol and 
dummy symbols) to form one slot. Bach 1 0-ms frame comprises 
16 slots of 0.625 ms each [each slot comprising N P + N B = 40 
(160) symbols]. The resultant QPSK symbol rate was 64 (256) 
ksymbols/s (= l/T). The QPSK symbol sequence of each data 
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channel was multiplied with an orthogonal Gold sequence with 
the repetition period of 64 (16) chips [the spreading factor is 
SF = 64 (1 6)] and a scrambling code with the repetition period 
of 640 x 2 29 chips. The orthogonal Gold sequence is gener- 
ated as follows. First, a Gold sequence whose cross-correlation 
function has three values is generated from a pair of preferred se- 
quences. The modulo-2 sum of the two preferred sequences pro- 
duces a Gold sequence by cyclically shifting one of the pair [15]. 
Then, the orthogonal Gold sequence, whose cross-correlation 
is always zero when a zero time-shift, is generated by adding 
"zero" to the end of the Gold code [16]. The spreading chip 
rate was 4.096 Mchips/s. To confine the spread signals within 
the bandwidth of 5.0 MHz, a square-root raised cosine Nyquist 
transmit filter with the roll-off" factor of 0.22 was applied before 
frequency conversion into the carrier frequency of 2175 MHz 
and power amplification. Note that the radio link parameters 
used in the paper are different from that of the latest standard in 
3rd Generation Partnership Project (3 GPP) [18] with respect to 
several points. In the latest 3GPP's standard, the chip rate is 3.84 
Mchips/s and one frame comprises 15 slots, the length of which 
is 0.667 ms. The scrambling code length on the reverse link is 
38 400 chips (=10 ms in time). The pilot symbols on the reverse 
link to be used for coherent channel estimation are multiplexed 
onto the quadrature (Q) channel while the coded data symbols 
are multiplexed onto the in-phase (J) channel. Since the differ- 
ence in the slot lengths is small (0.667 versus 0.625 ms), the 
impact on the tracking performance of channel estimation and 
fast TPC against fading is considered very small. Furthermore, 
the impact of the difference in the pilot symbol structure (I/Q 
code-multiplexed against time multiplexed) on the channel es- 
timation is also considered small because almost the same pilot 
power is assigned per slot. Thus, the obtained results in the paper 
can be applied to the latest 3 GPP's air interface. 

At the reverse link (mobile-to-base) receiver, two-branch an- 
tenna diversity reception and a 4-finger/antenna Rake combiner 
were used. After linearly amplified by an automatic gain con- 
trol (AGC) amplifier, the received spread signal at each antenna 
was converted into baseband in-phase (I) and quadrature phase 
(Q) components by a quadrature detector. The / and Q sig- 
nals were sampled at a rate of 4 x 4.096 MHz using 8-bit A/D 
converters and filtered by a square-root raised cosine Nyquist 
filter. In a practical situation, it is very difficult to search, slot 
by slot, the propagation paths using the instantaneous power 
delay profile (measured over 7v" p -pilot symbol interval in each 



slot) because of the adverse effect of fading and severe inter- 
ference. Therefore, our approach is to search the propagation 
paths using the block-average power delay profile. First, the in- 
stantaneous power delay profile is measured by using N p pilot 
symbols belonging to each slot and, then, average them over 10 
frames (=100 ms interval). While the instantaneous phase and 
amplitude vary within one slot due to fading, the average power 
delay profile shape can be assumed to remain unchanged over 
a 100-ms interval. From the laboratory and field experiments, 
the 100-ms measurement interval was found to minimize the 
average BER after Rake combining. The delay time resolution 
for the power delay profile measurement was 1/4-chip (=61.04 
ns =18.31 m). Paths having a received power above a prede- 
termined threshold, which was set to four times the minimum 
power in the measured power delay profile, were recorded and 
the four (at most) strongest were selected. The composite signal 
sample sequence at each antenna was despread by a matched 
filter (implemented by four synchronous correlators, each time 
synchronized to one of the four selected paths). A total of eight 
signals (at most) were coherently Rake combined. The soft deci- 
sion data sequence from the coherent Rake combiner was dein- 
terleaved and soft-decision Viterbi decoded to recover the trans- 
mitted data. For fast closed-loop TPC, the base station receiver 
measures the received SIR and generates the TPC command to 
raise and lower the mobile transmit power. 

B. WMSA Channel Estimation Filter 

Fig. 3 shows a block diagram of the WMSA channel estima- 
tion filter [9]. First, instantaneous channel estimation of the Zth 
resolved path at the time position * = kT s \ ot + (N p — l)T/2, 
where T s i ot = (N p -f N a )T (T is the symbol duration), is per- 
formed using the N p pilot symbols belonging to the fan slot as 



1 p_1 



(1) 



n=0 



where r/(n, k) is the matched filter output corresponding to the 
nth symbols in the kth slot for the Ith resolved path. In our 
experiments, N p = 4 (16) and N s = 36 (144) for 32 kb/s 
(64 kb/s) data rate. Since the fading variation over the interval 
of N p pilot symbols is negligible, f)t(k) can be approximately 
given by f)i(k) « V5$&(n = 0, k) + w^k), where S is the 
total average received signal power, &(n = 0, k) is a com- 
plex-valued channel gain at t = kT siot of the Ith path (we as- 
sume Y^hLo E(\&\ 2 ) ~ where E( ) denotes the ensemble av- 
erage), and wi(k) is a complex- valued noise component with 
the power of (Io/T)/N p , where Iq is the interference plus back- 
ground noise power spectrum density. The signal-to-noise ratio 
(SNR) of the channel estimate is N p times larger than the re- 
ceived SIR per symbol. In the case of slow fading, since the 
channel gain remains almost the same over a period of several 
slots, we can extend the observation interval to more than one 
slot to add coherently several consecutive channel estimates. We 
apply a linear filter having 2-K taps. The filter output is ex- 
pressed as 



K-l 



K-l 



Vl(k) = ]T *-if)i(k -0+53 ai ™( k + * + 1) (2) 
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Fig. 3. WMSA channel estimation filter. 



where oii is the real- valued weighting factor (or tap coefficient). 
Since the magnitude of the autocorrelation function of the time- 
varying complex-valued channel gain is an even function with 
respect to the time difference, the contribution from the past 
and future channel gains to the channel estimate should be the 
same. Therefore, we set the filter coefficients, c*i and a_», equal 
to each other. Term ^(A:) is used as the channel estimate at all 
symbol positions in the kth slot, so the channel estimate, fj(n, k) 
is represented as 



error is possible. Therefore, we measured the SIR associated 
with each resolved path and then summed them to obtain the 
SIR that corresponds to the SIR after Rake combining. The SIR 
measurement is summarized below. First, signal power Si(h) of 
the kth slot associated with the Ith path is computed using the 
received M symbols including N p pilot symbols. Signal power 
Si(k) is given by 



Si(k) = h(*)l 2 



(6) 



Vi(n, k) = vi(k) forn = N p ,N p + l,... 9 N p + N a -l. where 

(3) 

By selecting the appropriate weighting factors, <Vs, accurate 
channel estimation may be possible, particularly in slow fading 
environments. Through computer simulations, we found the set 
of weighting factors for K = 1-3 to achieve good overall BER 
performance and in the following experiments, we used <*q = 
1.0, (oo, a x ) = (1.0, 0.6), and (a 0 , a u a 2 ) = (1.0, 0.8, 0.3) 
for . K = 1,2, and 3, respectively. On the other hand, the linear 
interpolation filter used as a reference is represented as 



U{k) = 



M 



53 r *( n ' *o ex p( -! T ) 

M-l 

+ ^(n, A)exp(-j>(n, *)) 



(7) 



ft(», *) = {i - (^) } + m(k + 1). 

(4) 

Finally, Rake combiner output for data decision is represented 
as 

L-l 

r d (n, k) — k)f) t (n, A:)* 

i=o 

forn^iVp, iVp + 1, iVp + iV, -1 (5) 
where L is the number of resolved paths. 

C. SIR-BasedTPC 

In the Rake combiner, the despread signals associated with 
resolved paths are multiplied by the complex conjugate of their 
channel gain estimates and summed. Therefore, if the SIR mea- 
surement is done after Rake combining, it is affected by the 
channel estimation error. In this paper, instead of measuring 
the SIR after Rake combining, we apply the SIR measurement 
method p roposed in [131. in which, first, the SIR on each re- 
solved path is measured and, then, the SIR's of all the resolved 
paths are summed to obtain the SIR (which is equivalent to the 
one at the output of the Rake combiner). By doing so, an SIR 
measurement that has less influence on the channel estimation 



and <f>(n, k) is the tentative decision on the nth symbol of the kth 
slot. The first term in the square brackets is the contribution from 
N p pilot symbols with the modulation phase ofn/4 radians. 
Term 0(n, k) is given by 

where f(n, k) is the Rake combiner output given by 

f(n, A:) = ^r,(n, k)r)i(k)* y 0<n<M-l (9) 

with rji(k) given by (1). Note that the above coherent Rake 
combining is different from that for data detection. A 2-K tap 
WMSA channel esti mation filter used for data detection incurs 
a time delay of K slots. Thus, this filter cannot be used for SIR 
measurement becaus e the TPC error is delay sensitive. There- 
fore, in order to reduce the TPC error, the channel estimation for 
SIR measurement is separated from that for data detection. The 
SIR is measured using iVVpilot symbols only and, by doing so, 
the TPC delay of one slot can be achieved. The instantaneous 
interference plus background noise power of the /th path, Ii(k), 
is computed as the squared error of the received N p pilot sam- 
ples and Nd data samples: 

1 M_1 2 

= jjYl H 71 ' *) exp(-M**, fc)) - F z (fc)| (10) 

n=0 
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where 0(n, k) = tt/4 for n = 0, 1, . . . , N p - 1. Then, Ii(k) is 
averaged using a first-order filter with forgetting factor p(<l) 
to obtain 



The SIR at the kth slot associated with the Ith path Xi(k) is given 
by 

A,(*) = S^/Iiik) (12) 
and, finally, the SIR at the kth slot, X(k) is obtained as 

L-i 

A(*) = £A,(A0. (13) 

1=0 

In the experiment, /* = 0.99375 was used [i.e., the SIR mea- 
surement interval becomes 1/(1 - = 160 slots =100 ms] 
so that fast variation due to fading can be sufficiently averaged, 
while shadowing remains unchanged. In the following section, 
we used E b /I 0 instead of \(k). E b /I 0 can be expressed using 
*(A;) as E b /I 0 (k) = J(k) -f 10 log(3/2) dB since rate- 1/3 con- 
volutional coding and QPSK data modulation were used. When 
-D-branch antenna diversity is used, L should be replaced by 
DL. The measured E b /I 0 (k) was compared to the target E b /I 0 
and the TPC command was generated, which was transmitted to 
raise or lower the mobile transmit power by ±1 dB every 0.625 
ms. It should be noted that the fast TPC can operate in the same 
way for any different data rate by computing the received E b /I 0 
from the measured SIR using the equation SIR = 2R • (E b /I 0 ) 9 
where R is the coding rate and QPSK data modulation is as- 
sumed. 

III. Experimental Results 

A. Laboratory Experiments 

A single-user case was evaluated since the interference 
from other power-controlled users can be well approximated 
by Gaussian noise and can be combined with the background 
noise. Two hardware fading simulators were used to simulate 
L-path (L — Rayleigh fading channels for two antennas. 
The variances of the channel gains of 2L paths were assumed to 
be equal and 2L channel gains were assumed to be independent 
complex Gaussian processes. On the other hand, the forward 
link channel was not a faded channel, and its received signal 
power was set to be sufficiently high such that the average 
BER was 0. The average BER's and the averaged received 
E b /Io (where I 0 included the multipath interference of its 
own channel) were measured for various values of the TPC 
target E b /I 0 . The measured BER's for the WMSA channel 
estimation filter with K = 1, 2, 3 and a linear interpolation 
filter are plotted in Fig. 4 as a function of the average E b /I 0 per 
antenna for the case of L = 2 and f D = 80 Hz in the 32-kb/s 
data rate channel. The TPC closed-loop delay was one time 
slot (=0.625 ms) and M = 10. For comparison, the computer 
simulation results are also plotted. Although the measured 
performance are degraded by about 1 dB compared to the 
corresponding computer simulated performance, the required 
E b /J 0 at the average BER of 10~ 3 is reduced by about 0.5 dB 




Average E^I 0 per antenna (dB) 
Fig. 4. Average BER as a function of average Et>/I 0 per antenna. 
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Fig. 5 . Required average E b / J 0 per antenna as a function of fn . 

using the WMSA channel estimation filter with K = 2 or 3, 
compared to the linear interpolation filter. The K = 1 WMSA 
channel estimation filter provides almost the same performance 
as the linear interpolation filter. Fig. 5 shows the required 
average E b /I 0 for the average BER of 10" 3 as a function of 
the fading maximum Doppler frequency, fo with L = 2 in the 
32-kb/s data rate channel. The parameters of fast TPC are the 
same as those in Fig. 4. The computer simulation results are 
also plotted as dotted lines. Fig. 5 shows that without antenna 
diversity reception, as f D increases from fo = 20-80 Hz, 
the required received E b /I 0 slowly increases. This is because 
the tracking ability of the fast TPC against fading tends to be 
lost and, accordingly, the TPC error increases. However, as Sd 
increases over 80 Hz, the required E b /I 0 starts to decrease due 
to the increasing effect of interleaving plus channel coding. 
However, as f D increases further beyond 160 Hz, the WMSA 
channel estimation filter, particularly with K = 3, cannot track 
against fading and accordingly, the required E b /J Q increases 



h(k) = fili(k - 1) + (1 - ril^k). (1 1) 
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rapidly. On the other hand, when antenna diversity is applied, 
an almost constant required E^/Io value is observed over the 
wide range of /p. This is because the use of diversity reception 
makes the fading shallower and, thereby, reduces the TPC error 
but decreases the additional improvement of interleaving plus 
channel coding under faster fading conditions. The K — 2 
WMSA channel estimation filter can reduce the required E^/Io 
by about 0.5 dB for a wide range of f D values (<320 Hz) 
compared to that of the linear interpolation filter. Furthermore, 
as indicated in Fig. 5, the channel estimation filters with 
K ~ 2 and 3 provide almost the same required Ei/Iq when 
/z> is smaller than approximately 160 Hz. From Figs. 4 and 
5, good overall performance can be achieved by the K = 2 
WMSA channel estimation filter. Therefore, in the following 
evaluations, we used K = 2. 

The required average Ef,/I 0 at the average BER of 10~ 3 is 
plotted as a function of L in Fig. 6 for fo = 80 Hz. Other 
parameters are the same as those in Fig. 4. As L increases, 
the required E^/Jq first decreases due to the increased Rake 
diversity effect. However, as L increases further, the received 
signal power per path decreases and therefore, the accuracy of 
the channel estimation degrades. This increases the required 
Et,/I 0 as L increases beyond L = 2. However, it should be 
noted that the required E^/Iq with antenna diversity is much 
smaller than without diversity, and that it is relatively insensi- 
tive to the value of L. This is explained below. When two-branch 
antenna diversity reception is applied, the equivalent number of 
resolved paths is 2L. Therefore, the (Rake) path diversity ef- 
fect can be expected even when L = 1. As L increases from 
one, the path diversity effect will increase if ideal channel esti- 
mation is assumed. However, using a practical channel estima- 
tion scheme, e.g., WMSA channel estimation, the average signal 
power per path decreases as L increases and, accordingly, this 
offsets the increasing path diversity effect. As a result, the re- 
quired Ef,/Io with antenna diversity becomes relatively insen- 
sitive to the value of L. The required E b /I 0 is minimized at 
L = 2 and at L = 3 without and with antenna diversity, respec- 
tively. 
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M as a parameter. 



SIR measurement interval M is a design parameter and is 
closely related to the TPC delay. In general, as M increases, 
the SIR measurement becomes more accurate. However, a TPC 
delay of more than one slot is required. As the TPC delay in- 
creases, the required E^/Iq increases because the ability of fast 
TPC to track fading degrades. Fig. 7 shows the required average 
Eb/Io for the average BER of 10~ 3 as a function of the TPC 
delay with M (signal power measurement interval in symbols 
for Ei J Jo measurement, see Fig. 4) as a parameter in the 32-kb/s 
data rate channel. For comparison, the results without fast TPC 
are also plotted. For the given TPC delay (less than 3 slots), as 
M increases, the required Ei,{Iq can be reduced because accu- 
racy of the SIR measurement improves. However, the impact of 
TPC delay must be considered. Using our frame structure, the 
TPC delay can be one slot if M = 10 symbols or less, but it 
is two slots if M — 20 symbols or more. As the TPC delay 
increases, the tracking ability of TPC against fading tends to 
be lost. Hence, there is a tradeoff between improved accuracy 
of the SIR measurement and increased TPC delay. As a result, 
M = 10 symbols (one-slot TPC delay) yields slightly lower re- 
quired E b /I 0 than M = 40 symbols (two-slot TPC delay). This 
can be seen from Fig. 7. 

Based on the laboratory experimental results, we applied a 
K = 2 WMSA channel estimation filter and SIR measurement 
using M = 10 symbols in the field experiments. By applying 
fast TPC with SIR measurement using M = 10 symbols, the 
required E b /I 0 was decreased by about 2.2 (3.0) dB compared 
to that without fast TPC with (without) antenna diversity recep- 
tion for fo — SO Hz. 

Until now, we assumed single-user environments, in other 
words, multiple access interference (MAT) was assumed as 
Gaussian noise. However, when the number of interfering users 
is small, MAI is not approximated well as Gaussian noise. 
Therefore, we measured the BER performance when both a 
32-kb/s user with SF = 64 (64 ksymbols/s) and a 64-kb/s 
user with SF = 16 (256 ksymbols/s) independently employed 
SIR-based fast TPC. The average BER performance of the 
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Fig. 8. Average BER as a function of target E b /I 0 per antenna. 
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Fig. 9. Average BER as a function of average transmit E b /N 0 . 

32-kb/s user and 64-kb/s user were plotted as a function of 
the target E b /I 0 and the average transmit E b /N 0 (defined as 
the transmit signal energy per bit-to-background noise power 
density ratio) at a mobile terminal in Figs. 8 and 9, respectively, 
assuming the same quality, i.e., same target E b /I 0 for both 
users (it is denoted as A ta xget = 0 dB in the figure). The BER 
performance of the 32-kb/s user when target E b /J 0 of the 
64-kb/s user was A targ et = 3 dB higher than that of the 32-kb/s 
user (the average transmit power of 64-kb/s user is 8 times that 
of the 32-kb/s user) and that when the single-user case with 32 
kb/s (64 kb/s) are also plotted. One slot TPC delay and M = 10 
(25) were assumed for the 32 (64)-kb/s data rate channel in 
the case of L = 2 and fo = 80 Hz. It was observed that even 
when the interfering users' transmit power is four times that of 
the desired user, almost the same BER performance (and thus, 
the same required E b /I 0 ) can be achieved as in the single-user 
case for A target = 0 dB, indicating that fast TPC satisfactorily 
works even when an interfering user with a large transmit power 



exists. However, when A target = 3 dB, the target E b /I 0 of 
the 32-kb/s user at the average BER of 10~ 3 was increased by 
about 0.5 dB compared to that in the single-user case due to the 
fluctuation of the interference power in the SIR measurement. 
The target E b /J Q of the 64-kb/s user at the average BER of 
10~ 3 is smaller by approximately 1.3 and 1.0 dB than that of 
the 32-kb/s user without and with antenna diversity reception, 
respectively. The reason for this is that the accuracy of channel 
estimation is better due to the increasing number of pilot 
symbols. On the other hand, from Fig. 9, the transmit E b /N 0y 
when an interfering user exists, increases by approximately 
0.4 and 0.2 dB for 32-kb/s and 64-kb/s channels, respectively, 
for Atarget = 0 dB with antenna diversity reception due to 
the increased MAI. The transmit power of the 32-kb/s user at 
the average BER of 10~ 3 for A ta r g et = 3 dB is increased by 
0.5-1 .5 dB compared to that for A tar get = 0 dB. These figures 
indicate that the SIR-based fast TPC works satisfactorily for 
both 32-kb/s data rate channel with SF = 64 and the 64-kb/s 
data rate channel with SF = 16. 

B. Field Experiments 

The field experiments were conducted in an area near Tokyo. 
Measurement vehicles equipped with mobile transceivers 
of both desired and interfering users were driven along the 
measurement courses at an average speed of about 30 km/h 
in order to measure the BER performance in the 32 kb/s data 
rate channel. TPC delay was 1 slot delay and M = 10. The 
measurement courses were the same as in [12]. The right side 
of course #1 is a factory area, and the left side of the course 
is a mixture of school campuses, factories, tall apartment 
complexes, and houses. An elevated highway is located on 
the right side of course #2, and the left side of the course is a 
residential area. The average delay spread of the course is about 
1 fts. The measured cumulative distributions of the received 
E b /I 0 , average BER, and mobile transmit power both for the 
single-user case with the 32-kb/s data rate and for the two-user 
case with 32-kb/s data rate (desired user) and 64-kb/s data rate 
(interfering user) are plotted in Fig. 10(a)-(c)> respectively. For 
Fig. 10(a) and (b), only the performance with antenna diversity 
reception is shown. The target E b /I 0 per antenna was set at 2 
(5) dB with (without) antenna diversity reception to achieve 
almost the same BER of approximately 10~ 3 (see Fig. 11). 
The measured results show that even when an interfering user 
exits with the transmit power of four times that of the desired 
user, almost the same received E b /Io and BER performance 
as the single-user case was achieved. This indicates that fast 
TPC worked satisfactorily when there was an interfering user 
with a large transmit power, while mobile transmit power at 
the probability of 50% increased by 1.0-2.0 dB due to the 
increased MAI. Fig. 10(b) and (c) clearly shows that the BER in 
course #2 improved, and the mobile transmit power decreased 
compared to that in course #1 . The reason for this is that since 
a few paths were observed in course #2 compared to course 
#1, channel estimation accuracy due to increased signal power 
exceeded the Rake path diversity effect with antenna diversity 
reception (see the laboratory results in Fig. 1 1). The transmit 
power distribution can be approximated as a log normal 
distribution around its median value. The standard deviation is 
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Fig. 1 0. Cumulative distributions of measured performance (field tests), (a) Received E b /I 0 . (b) Average BER. (c) Mobile transmit power. 



about 4.44 (4.3 1) dB and 4.24 (4.49) dB with (without) antenna 
diversity for courses #1 and #2, respectively. Fig. 10(c) shows 
that two-branch antenna diversity reception reduces the mobile 
transmit power by approximately 4 dB at the median value. 

Fig. 1 1 plots the measured average BER performance of the 
32-kb/s data rate user in the single-user and two-user cases 
(one-interfering user with 64-kb/s data rate assuming the same 
BER independently employing fast TPC), as a function of the 
TPC target E^/Iq value. Laboratory experimental results of 
the single-user case using a uniform power delay profile with 
L resolvable paths are also plotted for comparison. The results 
clearly show that the target E b /I 0 when the interfering user 
exists becomes almost the same for achieving the same BER as 
that of the single-user case, implying that the fast TPC worked 
satisfactorily in a practical fading channel. Test course #1 first 
experienced clear two-path and single-path fading at the middle 
of the course. Then, three-path fading with unequal average 



power was observed at the end of the course. Along course #2, 
two-path fading appeared first, followed by single-path fading. 
The measured numbers of active Rake fingers per antenna 
along test course #1 and course #2 are 2.0 and 1 .6, respectively. 
Fig. 1 1 shows that the measured BER performance of course 
#1 is almost the same as the laboratory-measured BER per- 
formance when L = 2, and the measured BER performance 
of course #2 is found between the laboratory-measured BER 
performance when L = 1 and L = 2. The field-measured BER 
performance are in good agreement with those estimated from 
the laboratory experiment. As similarly observed by laboratory 
measurement, Fig. 1 1 shows that two-branch antenna diversity 
reception can reduce the target E^/Iq by about 3 dB at the 
average BER of 10~ 3 . With antenna diversity reception, the 
average BER of 10 -3 can be achieved at the required E b /I 0 
of about 3 dB per antenna. Compared to the results in [12], 
the required target E b /I 0 is smaller by about 2.5 dB. This 
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Target E b /I Q per antenna (dB) 
Fig. 1 1 . Average BER as a function of average E b / J 0 per antenna (field tests). 

reduction is due to the application of the if = 2 WMSA 
channel estimation filter and the reduction of the TPC delay (in 
[12], a three-slot TPC delay was used). 

We here calculated the long-term average mobile transmit 
power at the distance of 1.0 km from the cell site (on course 
#2) using 

Ptx =L p - (G b + G M - L c ) + 101og(B) + (NF + KT) 
+ A (14) 

where Z p (=110.7 dB) is the path loss calculated using the Hata 
model [14], G B (=17.3 dBi), and G M (=~4.7 dBi) are the an- 
tenna gains of the base station and mobile station, respectively, 
which are obtained by measuring the received signal power 
using a receiver antenna with a dipole antenna as a reference 
in open space, L c (=5.7 dB) is the cable loss, J9(=64 kHz) is 
the data bandwidth, NF(=5 dB) is the noise figure of the base 
station receiver, JfT(=— 174 dBm/Hz) is the thermal noise 
power spectrum density (where K is Boltzmann's constant 
and T is the room temperature in Kelvin degrees), and A is 
the long-term average received SIR (over the measurement 
course #2) and is 3.0 dB at the 50% probability from Fig. 
10(a). The value of the long-term average mobile transmit 
power calculated from ( 1 3) is - 1 4. 1 dBm. From Fig. 1 0(c), the 
median value of the measured transmit power of course #2 was 
— 14.2 dBm, which is close to the calculated value. 

IV. Conclusion 

The combined effect of coherent Rake combining using the 
WMSA channel estimation filter and SIR-based fast TPC on the 
DS-CDMA reverse link was evaluated by laboratory and field 
experiments using the implemented 4.096 Mchips/s DS-CDMA 
transmission system. Laboratory experiments showed that the 
use of the K = 2 WMSA channel estimation filter reduces the 



required E b /I Q at the average BER of 10~ 3 by approximately 
0.5 dB compared to use of the linear interpolation filter and that 
the required Ei/Iq is minimized when SIR measurement in- 
terval M — 10 symbols (one slot TPC delay). We also clar- 
ified that SIR-based TPC works satisfactorily when two users 
with different information data rates, i.e., SF, independently em- 
ploy fast TPC. Field experiments conducted in an area near 
Tokyo showed that the average BER of 10" 3 is achieved at 
the target E b /I 0 per antenna of approximately 2.5 dB by using 
four-finger/branch Rake and two-branch antenna diversity. Al- 
though the target Eb/Io, when there is one interfering user with 
a fourfold greater transmit power than that of the desired user 
that independently employed fast TPC, is almost the same as 
that in the single-user case, the mobile transmit power increased 
by 1 .0-2.0 dB due to the increased MAI. These results indicate 
that the combination of coherent Rake combining and fast TPC 
works well in practical multipath fading channels. 
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